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Summary
Phagocytosis is a complex, evolutionarily conserved
process that plays a central role in host defense
against infection. We have identified a predicted trans-
membrane protein, Eater, which is involved in phagocy-
tosis in Drosophila. Transcriptional silencing of the
eater gene in a macrophage cell line led to a signifi-
cant reduction in the binding and internalization of
bacteria. Moreover, the N terminus of the Eater protein
mediated direct microbial binding which could be inhib-
ited with scavenger receptor ligands, acetylated, and
oxidized low-density lipoprotein. In vivo, eater expres-
sion was restricted to blood cells. Flies lacking the
eater gene displayed normal responses in NF-B-like
Toll and IMD signaling pathways but showed impaired
phagocytosis and decreased survival after bacterial
infection. Our results suggest that Eater is a major
phagocytic receptor for a broad range of bacterial
pathogens in Drosophila and provide a powerful
model to address the role of phagocytosis in vivo.
Introduction
Phagocytosis, the uptake and digestion of particulate
materials by cells, is an ancient, evolutionarily con-*Correspondence: christine_kocks@hms.harvard.edu
6These authors contributed equally to this work.
7Present address: Interfakultäres Institut für Biochemie, University
of Tübingen, Germany.served process (Metchnikoff, 1908) that plays an impor-
tant role in development, tissue homeostasis, and im-
mune defense (Aderem and Underhill, 1999). In mammals,
specialized blood cells, macrophages and neutrophils,
remove senescent and apoptotic cells and are essential
for the clearance and killing of infectious microbes.
These professional phagocytes play a central role in
both innate and adaptive immunity, but their analysis is
hampered by their receptor diversity and by the com-
plexity of the signaling and cellular processes underly-
ing phagocytosis (Greenberg and Grinstein, 2002; Un-
derhill and Ozinsky, 2002; Stuart and Ezekowitz, 2005).
Interesting insights into phagocytosis may be gained
therefore by using simpler model systems such as the
worm Caenorhabditis elegans (Reddien and Horvitz,
2004) or the dipteran insect Drosophila melanogaster
(Hoffmann et al., 1999).
Drosophila melanogaster has a primitive yet highly
effective immune system that relies exclusively on in-
nate effector mechanisms, including epithelial and sys-
temic responses generating antimicrobial peptides, a
phenoloxidase reaction leading to melanin deposition,
and a cellular response resulting in the encapsulation
or phagocytosis of intruding pathogens (Hoffmann,
2003; Hultmark, 2003; Brennan and Anderson, 2004).
Fruit flies have three terminally differentiated blood cell
types (so-called hemocytes) which can be distin-
guished morphologically (Rizki and Rizki, 1984; Lanot
et al., 2001): crystal cells, thought to play a role in mela-
nization; lamellocytes, which differentiate upon wasp
parasitization to encapsulate invaders; and plasmato-
cytes, or macrophages (Rizki and Rizki, 1984).
Plasmatocytes resemble the professional phagocytes
of mammals. They constitute the main class of Drosoph-
ila hemocytes (>95%), comprise sessile and circulating
subsets, and efficiently phagocytose apoptotic cells
(Tepass et al., 1994; Franc et al., 1999) and microbes
(Rizki and Rizki, 1984; Elrod-Erickson et al., 2000). It has
been suggested that phagocytosis enhances Drosoph-
ila host defenses since blocking phagocytosis by latex
bead preinjection (Elrod-Erickson et al., 2000) or lack-
ing blood cells altogether (domino mutants; Braun et
al., 1998) leads to sensitization to infection. However,
Drosophila mutants viable beyond the larval stage and
specifically devoid of phagocytes or with impaired phago-
cyte function have not been described.
In recent years, much progress has been made in elu-
cidating the molecules that Drosophila uses to sense
infectious organisms. Members of two protein families,
peptidoglycan recognition proteins (PGRPs) and β-glu-
can recognition proteins (GNBPs), bind to microbial
surfaces and are required to trigger the molecular cas-
cades that lead to the induction of antimicrobial pep-
tide responses via two NF-κB-like pathways, Toll and
IMD, which share conserved modules between insects
and man (Ferrandon et al., 2004). By contrast, the re-
ceptors for the phagocytic uptake of microbes by Dro-
sophila phagocytes are less well characterized.
We have previously described two phagocytic recep-
tors that mediate cell surface binding and uptake of
Cell
336bacteria in a phagocytic Drosophila cell line (S2 cells):
SR-CI, a scavenger receptor similar to mammalian
class A scavenger receptors (Rämet et al., 2001) and
PGRP-LC, a member of the PGRP family (Rämet et al.,
2002). However, quantitative analysis indicates that SR-
CI and PGRP-LC account for only a fraction of the total
bacterial phagocytosis activity in S2 cells, suggesting
that additional unknown bacterial phagocytosis recep-
tors must exist in Drosophila (Rämet et al., 2001, 2002).
In this study, we report the identification of a predicted
transmembrane protein with prominent EGF-like re-
peats which we called Eater. We have addressed the
role of this molecule in bacterial cell surface binding
and phagocytosis, as well as in host defense to bacte-
rial infection in vivo.
Results
Identification of Eater as a Mediator of Bacterial
Phagocytosis in S2 Cells
We recently identified the GATA transcription factor
Serpent in a high-throughput RNA interference screen
as a regulator of bacterial cell surface binding and
phagocytosis (Rämet et al., 2002). Serpent is involved
in hematopoiesis in Drosophila (reviewed in Evans et
al. [2003]) and remains expressed in differentiating (Ev-
ans et al., 2003) and mature plasmatocytes (M.M., un-
published data). Therefore, we reasoned that Serpent
might control the expression of cell surface proteins re-
sponsible for microbial binding and uptake. In order to
identify such molecules, we performed a microarray
analysis of S2 cells in which Serpent had been knocked
down by RNA interference (RNAi) (M.R. and R.A.B.E.,
unpublished data).
Comparison of the transcriptional profiles from Ser-
pent RNAi-treated cells to control cells identified 46
genes that were downregulated by 2-fold or more and
had a signal sequence or transmembrane regions, or
both (see Table S1 in the Supplemental Data available
with this article online). Among these genes was SR-CI,
a previously identified phagocytic receptor (Rämet et
al., 2001). We assessed the role of the 45 other genes
by RNAi knockdown using a previously established,
flow cytometry-based, bacterial phagocytosis assay
(Rämet et al., 2002; see Figure 1A). As shown in Table
S1, most treatments had no or only minor effects on
phagocytosis. However, one particular gene, CG6124,
encoding a predicted cell-surface receptor, showed
strong reduction in phagocytosis of both gram-positive
and gram-negative bacteria. We named this gene eater.
Figures 1A–1C depict the flow cytometry-based
phagocytosis analysis of S2 cells in which eater was
knocked down. The phagocytosis defect observed af-
ter eater knockdown can be attributed largely to de-
creased bacterial binding to the surface of S2 cells (Fig-
ure 1D). Effective knockdown of eater message was
confirmed by semiquantitative RT-PCR (Figure 1E). The
Drosophila genome contains two predicted EGF-like re-
peat-containing cell-surface receptors related to eater
(CG8942 and CG18146; amino acid homology in both
cases about 40% identity/54% similarity). RNAi knock-
down of CG8942 and CG18146 did not affect the
phagocytosis (Figures 1B and 1C) nor the cell-surface
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obinding of bacteria (Figure 1D).eater knockdown had no effect on the activation of
wo targets of the IMD and Toll pathways, the Attacin
nd Drosomycin promoters (Figure S1A). Furthermore,
ater knockdown did not affect cell viability (108 ± SD
0% of β-galactosidase reporter gene activity relative
o the mean of 20 different control treatments [n = 16])
nd had only a mild effect on the endocytosis of acet-
lated low-density lipoprotein (eater RNAi 82 ± SD 5.5%
f GFP control; untreated 87 ± SD 7.6% of GFP control;
R 13).
Combined RNAi experiments were used to address
he role of eater in phagocytosis of S. aureus and
. coli relative to the two previously described S2 cell
hagocytic receptors, SR-CI and PGRP-LC (Figure S2).
ranscriptional silencing of eater abolished the major
art of the phagocytic activity in S2 cells. Additional
ilencing of SR-CI and PGRP-LC further decreased
hagocytosis and cell-surface binding, indicating that
ultiple receptors cooperate in the recognition and in-
ernalization of microbes in flies, as has been docu-
ented in mammals (Stuart and Ezekowitz, 2005).
Taken together, our RNA interference analysis in S2
ells suggests that eater encodes a predominant pro-
ein involved in the recognition, cell-surface binding,
nd phagocytosis of bacteria in Drosophila macro-
hages.
ater Encodes a Predicted Cell-Surface Receptor
ith Prominent EGF-like Repeats
n order to characterize the eater gene product, we
n vitro transcribed and translated an eater cDNA de-
ived from S2 cells (clone SD22390), as well as the open
eading frame of eater fused to a C-terminal histidine
ag. In both cases, we obtained a single specific trans-
ation product in the 120 kDa range (Figures 2A and
B). Truncation of the cDNAs with PvuII resulted in a
ize shift of the translation product (predicted to corre-
pond to 358 amino acids or 38 kDa) which unambig-
usly identified the larger, full-length translation prod-
cts (Figure 2A). Thus, it appears likely that the cDNA
lone SD22390 encodes a protein of 1206 amino acids
hat corresponds to a single membrane-spanning re-
eptor with an N-terminal signal sequence and a C-ter-
inal membrane anchor followed by an intracellular
omain of 28 amino acids containing a potential tyro-
ine phosphorylation motif (Figures 2C and 2D).
The extracellular domain of the Eater protein is pre-
icted to comprise 32 typical, noncalcium binding EGF-
ike repeats (Figures 2C–2E). EGF-like repeats are
bundant protein domains playing a role in extracellular
rotein-protein interactions such as adhesion, coagu-
ation, and receptor-ligand interactions. They contain
bout 40 amino acids comprising six disulfide-bonded
ysteines and several additional conserved residues at
efined positions (Campbell and Bork, 1993). Database
earches indicate that molecules with a single EGF-like
epeat with exactly the same cysteine array as dis-
layed by Eater (C-X3-C-X3-C-X4-C-X5-C-X-C) are found
n a large variety of organisms including mammals,
hereas proteins with multiple repeats are found in in-
ects only (data not shown). One of these was p120, a
uggested scavenger receptor in the flesh fly (40%
verall amino acid identity; Hori et al., 2000). Searcheswith a more relaxed consensus sequence identified the
Drosophila Eater Mediates Phagocytosis of Bacteria
337Figure 1. eater RNAi Knockdown in S2 Cells Decreases Phagocytosis and Binding of Both Gram-Positive and Gram-Negative Bacteria
(A) FACS analysis of phagocytosis of heat-killed, FITC-labeled S. aureus and E. coli by S2 cells treated with eater dsRNA (the lowest panel)
or with control (GFP) dsRNA (middle panel). The uppermost panel shows background autofluorescence of S2 cells (left) and FACS analysis
of S2 cells incubated with labeled E. coli at 4°C, a temperature nonpermissive for phagocytosis (right). Extracellular fluorescence was
quenched by adding trypan blue prior to analysis.
(B and C) Effect of RNAi treatments targeting eater or eater homologs CG8942 and CG18146 on phagocytosis of FITC-labeled S. aureus (B)
and E. coli (C) by S2 cells as quantified by FACS. The amount of phagocytosis (phagocytic index) was quantified as the percentage of cells
phagocytosing multiplied by the mean fluorescence intensity of these cells. Results show the level of phagocytosis compared with GFP
RNAi-treated S2 cells. Error bars represent standard deviation. Number of independent RNAi treatments R3.
(D) Effect of eater, CG8942, and CG18146 RNAi on binding of FITC-labeled S. aureus and E. coli by S2 cells. S2 cells were incubated with
labeled bacteria for 30 min at 4°C, and the amount of cell-associated fluorescence was quantified by FACS. Error bars represent standard
deviation. Number of independent RNAi treatments R3.
(E) RNAi treatments effectively and specifically silence the targeted genes. Representative RT-PCRs for eater, CG8942, and controls CG14273
and CG5399 are shown. S2 cells were incubated for 60 hr with 10 g of the indicated dsRNAs.C. elegans molecule CED-1, a putative engulfment re-
ceptor for apoptotic cells (25% overall amino acid iden-
tity; Zhou et al., 2001; Reddien and Horvitz, 2004)
whose extracellular domain has homology to SREC, a
scavenger receptor on human endothelial cells (Adachi
et al., 1997). However, CED-1/SREC has atypical EGF-
like repeats with eight cysteines (Figure 1E). In addition,
Eater had low-level homologies (30% overall amino
acid identity or lower) to EGF repeat-containing pro-teins of the Notch family and extracellular matrix pro-
teins such as tenascins and fibrillins (Campbell and
Bork, 1993).
The N-Terminal 199 Amino Acids of Eater
Bind to Bacteria
The first four EGF-like repeats in Eater show a higher
level of diversity with respect to amino acid variation,
overall repeat length, and predicted N-glycosylation
Cell
338Figure 2. Eater Is a Predicted Type I Membrane Protein of 128 kDa Consisting Mainly of EGF-like Repeats
(A and B) Nonradioactive, linked in vitro transcription/translation of plasmids containing open reading frames of eater, eater-His (C-terminally
histidine-tagged eater cDNA) or controls, luc (luciferase), β-gal-His (histidine-tagged β-galactosidase). Rabbit reticulocyte lysates were ana-
lyzed by SDS-PAGE; blotted and biotin-labeled translated polypeptides visualized either with streptavidin (A) or by Western blot using the
indicated antibodies (B). Predicted molecular weights of full-length or truncated translation products are indicated with open triangles,
nonspecific background bands with stars. Positions of molecular weight standards are approximate.
(C) Schematic depiction of the Eater protein as a type I membrane protein with an extracellular region consisting of an N-terminal domain
(black oval), EGF-like repeats (boxes), a transmembrane region, and a short intracellular tail. Predicted glycosylation (lollipops) and tyrosine
phosphorylation (Y) motifs and the EGF-like repeats with the highest level of diversity (gray) are indicated.
(D) Alignment in one-letter amino acid code of the translated eater cDNA clone SD22390 (generated from S2 cells/strain Oregon-R; GenBank
accession number BT011327). In accordance with the CG6124 genomic sequence at this position, we removed one C at position 1444 of the
cDNA sequence to correct a presumed insertion mutation causing a frameshift in the eater open reading frame. Predicted signal (SSEQ) and
transmembrane (TM) sequences are underlined, predicted N-glycosylation and tyrosine phosphorylation sites are in bold. Sites corresponding
to intron positions in the eater gene are indicated by black triangles. EGF-like repeats were aligned with respect to conserved cysteines
(boxed). Other conserved amino acid residues are underlayed with gray. Note that the number of EGF-like repeats, as well as some amino
acids, are different from the genome sequence for CG6124, presumably due to genetic fly strain polymorphisms.
(E) Comparison of the Eater-type EGF repeats with atypical EGF repeats in CED-1/SREC. Atypical EGF-like repeats are longer and contain
two additional cysteines.
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339sites (Figure 2D), suggesting that the N-terminal part of
Eater could be functionally important in ligand binding,
while the more repetitive EGF modules might serve as
a stalk. We engineered an expression plasmid, which
comprised the predicted signal sequence and two
complete N-terminal tandem EGF repeats (Eater 1–199
His) and stably transfected this construct into S2 cells.
The protein was secreted and purified via a C-terminal
histidine tag from S2 cell supernatant. N-terminal
amino acid sequencing indicated that the first five
amino acids of the mature secreted Eater protein corre-
spond to Gln-Ile-Cys-Thr-Val, consistent with the pre-
diction of an 18 amino acid signal sequence (Figure
2D). The purified protein migrated on SDS gels as multi-
ple bands (Figure 3A). Deglycosylation with Peptide:
N-Glycosidase F, an enzyme that cleaves almost all
N-glycan chains, yielded a single band of the predicted
size (22 kDa; Figure 3A), indicating that at least some
of the predicted glycosylation sites are used.
In order to address whether Eater is involved in the
direct recognition of bacteria, we incubated heat-killed
gram-negative bacteria (Serratia marcescens) with bio-
tinylated N-terminal Eater 1–199 His protein. Figures
3B–3E show strong, specific binding of Eater 1–199 His
protein to S. marcescens. Binding was conformation
dependent (Figure 3C), concentration dependent (dataFigure 3. Direct Binding of the Eater N Terminus to Bacteria
(A) Coomassie blue-stained SDS polyacrylamide gels depicting affinity-purified, truncated, and C-terminally histidine-tagged Eater protein
comprising the first four EGF-like repeats (Eater 1–199 His). The purified protein migrated as multiple bands, the lower of which corresponded
to the predicted molecular weight (22 kDa; left panel). Peptide:N-glycosidase F (PNGase F) treatment resulted in the disappearance of the
upper two bands (right panel).
(B–E) Direct binding of biotinylated Eater 1–199 His to heat-killed gram-negative (S. marcescens) bacteria. Eater 1–199 His-biotin was detected
with fluorescent streptavidin-Alexa Fluor 488.
(C–E) Flow cytometric analysis of Eater 1–199 His-biotin to heat-killed S. marcescens: Eater 1–199 His-biotin 0 g (streptavidin-Alexa 488
only; gray curve) and 5 g/ml (brown curve). Competition experiments were carried out with a 10-fold excess of unlabeled Eater 1–199 His
or GST-His protein or with 100 g/ml low-density lipoprotein. Data in (C) and (D) were from the same experiment but are displayed separately
for clarity. All experiments were repeated at least once.not shown), and could be competed with a 10-fold ex-
cess of unlabeled Eater 1–199 His protein (Figures 3B
and 3D), while excess GST-His control protein had no
effect (Figure 3D). Moreover, typical scavenger receptor
ligands such as oxidized and acetylated low-density
lipoprotein (LDL; see Greaves and Gordon [2005]) ef-
ficiently inhibited Eater 1–199 His binding to bacteria,
while unmodified native LDL did not. Strong Eater
1–199 His binding was also observed with gram-posi-
tive bacteria (S. aureus) and yeast (C. silvativa) (Figure
S3), indicating that similar to mammalian scavenger re-
ceptors, the N-terminal part of Eater is capable of rec-
ognizing multiple ligands.
These data strongly support the prediction that Eater
is a scavenger receptor-like type I transmembrane pro-
tein which can function on the cell surface as a micro-
bial receptor or as part of a receptor complex, and
whose N-terminal 199 amino acids participate directly
in microbial binding.
eater Is Expressed in Primary Macrophages
and Their Precursors In Vivo
In order to gain insight into the role that Eater plays in
Drosophila in vivo, we characterized eater expression
patterns. eater mRNA appeared as a single transcript
(Figures 4A and 4B) of about 4.5 kb in length, roughly
Cell
340Figure 4. Expression of eater in Drosophila
(A and B) Northern blot analysis of eater transcripts. Five micrograms of poly(A) RNA per lane were hybridized with probes corresponding to
eater, dipt (diptericin; immune induction control), or rp49 (loading control). eater transcripts were of a single size (4.5 kb) and of low abun-
dance.
(A) eater transcripts did not significantly change after immune stimulation. Wandering-stage larvae (WL) or female adults (Ad) were pricked
with a mix of gram-positive (Micrococcus luteus) and gram-negative (E. coli) bacteria and sacrificed at 6 and 18 hr after immune challenge,
respectively. S2 and mbn-2 cells were incubated with heat-killed E. coli and analyzed 6 hr after challenge. c, control; bi, bacterial immune in-
duction.
(B) eater expression was detectable during larval wandering stages and late-pupal stages but could not be detected during other pupal
stages.
(C–I) In situ hybridization experiments.
(C–F) Whole-mount larvae were hybridized with an eater probe: only lymph glands and hemocytes attached to the imaginal discs were labeled
(C and D). eater null mutants (Df(3R)D605/Df(3R)Tl-I) were completely negative (E).
(F) Higher magnification of the hemocytes nested in an eye disc revealed eater expression in plasmatocytes, but not crystal cells.
(G) Hybridization on hemolymph smears from a hopTum-l mutant showed eater expression in circulating plasmatocytes, but not in lamellocytes.
(H and I) At embryonic stages (here stage 10; anterior to the left) eater was not expressed, as opposed to croquemort which was expressed
in the anterior mesoderm region as expected (Waltzer et al., 2002). The probes used are indicated in the lower left corner of panels; the
genetic backgrounds are indicated in the lower right corner.
Size bars: 50 m. Bal, balancer; Br, brain; CC, crystal cells; FB, fat body; Hcy, hemocytes; ID, imaginal disks; La, lamellocytes; LG, lymph
gland; OrR, Oregon-R wild-type strain; Pl, plasmatocytes; RG, ring gland.
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341in agreement with the size of the S2 cell-derived cDNA
clone SD22390 (3.8 kb). This transcript was detected in
S2 and mbn-2 cells (both cell lines derived from Dro-
sophila blood cells), as well as in wandering larvae and
adult flies. Transcript levels were low and showed only
minor changes following immune challenge with bacte-
ria (Figure 4A). mRNA was undetectable during most of
the prepupal and pupal stages but appeared at the end
of metamorphosis (Figure 4B).
eater mRNA was not detected in nonhematopoietic
larval tissues such as fat body, brain, and ring gland
(Figure 4C) or larval and adult guts (Figure S4). In con-
trast to this, we detected eater expression in plasmato-
cytes/macrophages (Figures 4C, 4F, and 4G) and in all
lobes of the larval hematopoietic organ (lymph glands),
indicating that eater is expressed throughout larval he-
mocyte development (Figure 4D). eater expression ap-
peared restricted to the plasmatocyte lineage, as we
detected no hybridization signal in crystal cells and la-
mellocytes while sessile and circulating plasmatocytes
were strongly positive (Figures 4F and 4G). These re-
sults were in good agreement with a genome-wide
microarray analysis of Drosophila blood cells (Irving et
al., 2005). eater signals were specific, since no hybrid-
ization signal was seen in transheterozygous animals
carrying an overlapping deletion of 16 kb which re-
moves the eater gene (Figure 4E; see also below). Inter-
estingly, eater was not expressed in embryonic macro-
phages (Figure 4H; data for later embryonic stages not
shown), in contrast to croquemort (Figure 4I), an estab-
lished marker for these cells (Franc et al., 1999; Waltzer
et al., 2002).
Our expression analysis suggested that the eater
gene is expressed in a blood cell-restricted fashion, in
undifferentiated larval prohemocytes as well as in fully
differentiated macrophages.
Primary eater Null Macrophages Show Impaired
Phagocytosis of Bacteria
To address whether Eater plays a role in phagocytosis
in vivo, we generated eater null flies. We identified two
deficiencies with breakpoints closely upstream (Df(3R)Tl-I)
or downstream (Df(3R)D605) of the eater gene and used
them to generate transheterozygous flies. Df(3R)D605/
Df(3R)Tl-I flies carry an overlapping deletion of 16 kb
which includes the eater gene (see Figure S5A). These
eater null flies were adult viable and fertile, thus permit-
ting functional analysis of their blood cells.
We used hemocytes from late wandering third instar
larvae and a previously established microscopic phago-
cytosis assay (Pearson et al., 2003) to assess phagocy-
tosis in primary eater null cells. eater null hemocytes
were strongly impaired for phagocytosis of both gram-
positive and gram-negative bacteria (Figures 5A and
5B; data not shown for E. coli). The percentage of
phagocytosing cells was strongly reduced in all cases,
suggesting that eater null hemocytes have a reduced
ability to bind bacteria. In contrast to this, we found
that eater null cells could efficiently clear a phagocytic
challenge of india ink carbon particles from the hemo-
lymph of third instar larvae and displayed the typical
morphology of actively phagocytosing cells (Figure 5C).
Although 5- to 10-fold elevated hemocyte numberscould be obtained from eater null animals and eater null
hemocytes seemed to adhere less tightly to the larval
cuticle in vivo (Figure 5C), ex vivo these cells had—
under the conditions tested—no detectable spreading
or adherence defects and appeared similar to wild-type
controls with respect to their endocytic activity (Figures
S6A and S6B). Taken together, these results indicate
that the loss of eater expression in hemocytes does not
impair basic hemocyte functions such as endocytosis,
adherence, spreading, and the phagocytosis of india
ink particles, while it strongly affects the efficiency of
bacterial phagocytosis.
This conclusion was confirmed by measuring phago-
cytosis in adult flies in vivo (Elrod-Erickson et al., 2000;
Moita et al., 2005). The phagocytosis signal arising from
a population of sessile hemocytes around the dorsal
vessel (the heart equivalent of flies; Figure 6A) was
quantified by digital imaging (Figure 6C). In vivo phago-
cytosis of bacteria was temperature dependent and
could be blocked by prior injection of latex beads, a
treatment which ablates phagocyte function (Elrod-
Erickson et al., 2000). In eater null flies, in vivo phago-
cytosis of gram-positive bacteria (S. aureus) was
strongly impaired when compared to wild-type or het-
erozygous controls (Figure 6C). A similar, albeit some-
what less-pronounced effect was observed with gram-
negative bacteria (E. coli; Figure 6C). (S. marcescens
could not be analyzed in this assay showing a different
signal distribution which was not temperature depen-
dent.) Phagocytic cells were present in high numbers
around the dorsal vessel of eater null flies as shown
by injection of phagocyte-specific, fluorescent PKH26-
PCL dye aggregates (Horan et al., 1990; Figure 6B and
data not shown; quantification showed a 3-fold in-
crease in signal compared to wild-type [p = 0.03]) or by
injection of india ink into eater null flies that had been
crossed to the yellow background (data not shown).
In vivo phagocytosis could be rescued in eater null
flies by the expression of an eater transgene under the
control of a hemocyte driver (hml-Gal4; Figure S7), indi-
cating that solely the lack of the eater gene is responsi-
ble for the observed phagocytosis defect. This conclu-
sion was supported by RNAi knockdown in S2 cells of
the other genes in the overlapping deficiency which
failed to show any effect on phagocytosis and when
combined with eater RNAi did not further decrease
phagocytosis (Figure S5B).
The finding that phagocytosis is impaired in adult
eater null animals in vivo suggested that eater null flies
can be used to address the role of phagocytosis dur-
ing infection.
eater Null Flies Are More Sensitive to Infection
with a Bacterial Fly Pathogen
A systemic humoral immune response, as monitored by
Drosomycin and Diptericin antibacterial peptide gene
expression, was induced normally in eater null mutants,
indicating that Eater plays no role in humoral immunity
and is not required for signaling in the Toll or IMD path-
ways (Figure S1B). In order to address the role of Eater
in phagocytosis, we used a disease model in which the
pathogenic bacterium S. marcescens infects Drosoph-
ila through the digestive tract (N.N., E. Pradel, J. Ew-
Cell
342Figure 5. Primary Larval Hemocytes from eater Null (Df(3R)D605/Df(3R)Tl-I) Animals Show Impaired Phagocytosis of Bacteria but Normal
Clearance of India Ink Particles
(A and B) Primary larval hemocytes from late third instar larvae of indicated genotypes were incubated with heat-killed bacteria for 30 min
at 4°C. Phagocytosis was allowed to proceed for 10 min at 27°C, then the fluorescence of noninternalized bacteria was quenched with
trypan blue.
(A) Microscope images of hemocytes phagocytosing Alexa Fluor 488-labeled S. aureus (top panels: fluorescence; lower panels: phase con-
trast). Arrowheads point to phagocytosing cells.
(B) Quantification of phagocytosis of gram-positive (S. aureus) and gram-negative (S. marcescens) bacteria. A phagocytic index was obtained
by multiplying the % of phagocytosing cells with the mean number of internalized bacteria. Values were normalized to an Ore-
gon-R wild-type strain used in the same experiment. Each histogram corresponds to the mean value of 4 to 5 (S. aureus) or 7 (S. marcescens)
independent experiments per strain (±SD). In each panel, values indicated by asterisks are not significantly different from each other, while
the last value is significantly different from the others (p < 0.01).
(C) Third instar larvae of the indicated genotypes were injected with india ink (carbon) particles. Arrowheads point to individual cells containing
ink particles. Effective clearance of india ink particles in vivo was observed by microscopic observation through the ventral cuticle of live
animals (time point analyzed: 3 hr) (left panels; brightfield images) or after bleeding of larvae and recovery of hemocytes onto glass coverslips
(right panels; DIC images). Size bars: 50 m or as indicated.bank, J.A.H., and D.F., unpublished data). After feeding
on S. marcescens, eater null flies died more rapidly
than wild-type flies (Figure 7A). This phenotype was
comparable to blocking phagocytosis by preinjection
of latex beads (N.N., E. Pradel, J. Ewbank, J.A.H., and
D.F., unpublished data). In contrast to this, eater null
flies in which UAS-eater transgenes were expressed
under the control of hemocyte drivers (either hemolec-
tin-Gal4 or serpent-Gal4) showed wild-type-like sur-
vival (Figure 7A). In addition, a weaker rescue was ob-
served when eater transgene expression was driven by
a ubiquitously expressed hsp-Gal4 transgene (in the
absence of heat shock; data not shown). These data
demonstrate that the increased sensitivity of eater null
flies to gastrointestinal S. marcescens infection is due
to the absence of eater and not to the deletion of other
genes in the overlapping deficiency.
To confirm these data, we also monitored the number
of S. marcescens retrieved from the blood equivalent
(hemolymph) of orally infected flies. As can be ex-
pected on the basis of the survival data, a significantly
increased number of bacteria (by about 10,000-fold)
was isolated from the hemolymph of the eater null flies
as compared to wild-type flies. The eater null mutant
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whenotype could be rescued by the expression of an
ater transgene under the control of hml, srp, or hsp
rivers (Figure 7B; data not shown for hsp-Gal4). Thus,
aken together, our experiments demonstrate that Eater
lays an important role in the host defense against bac-
erial infection.
iscussion
ammalian phagocyte-microbe interactions depend
pon recognition of microbe surfaces by a variety of
ifferent phagocytic receptors (reviewed by Underhill
nd Ozinsky [2002]; Stuart and Ezekowitz, 2005). Among
hese are the more specialized opsonin-dependent Fc
nd complement receptors but also opsonin-indepen-
ent receptors such as the mannose receptor and a
roup of structurally unrelated receptors termed scav-
nger receptors (reviewed by Greaves and Gordon
2005]). The latter are defined by their ability to recog-
ize a variety of charged, polyanionic ligands (including
odified LDLs) and may constitute the most primitive
ype of microbial phagocytic receptors. Commensurate
ith the latter idea, one would predict that animals
hich lack adaptive immunity have a more limited rep-
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343Figure 6. Impaired In Vivo Phagocytosis of
Gram-Positive and Gram-Negative Bacteria
in Adult eater Null (Df(3R)D605/Df(3R)Tl-I)
Flies
(A and B) Six- to eight-day-old adult male flies
of indicated genotypes were injected with flu-
orescently labeled heat-killed bacteria or mac-
rophage tracer dye PKH26 and incubated for
30 min or 4 hr, respectively, to let phagocytosis
proceed. In case of bacteria, flies were then
injected with trypan blue to quench extracellu-
lar fluorescence. Microscope images (dorsal
view) of the abdomen of adult flies. Arrowspoint
to phagocytosing blood cells which accumu-
late around the dorsal vessel (heart equiva-
lent) and a star to the injection site.
(C) Quantification of in vivo phagocytosis of
S. aureus and E. coli. Each dot corresponds
to the amount of fluorescence signal in the
abdomen of one individual fly (a phagocytic
index was derived by multiplying the area
with the mean intensity of the fluorescence
signal measured). Phagocytosis was tem-
perature dependent and could be inhibited
by prior injection of latex beads. Statistically
significant pairwise differences are indicated
by gray bars. Average phagocytic indices for
each group are indicated by a horizontal
black bar. PBS, phosphate-buffered saline,
LXB, latex beads.sophila macrophage-mediated phagocytosis.
Figure 7. Eater Plays an Important Role in the Drosophila Host Defense against S. marcescens Infections
(A) Groups of 20 to 25 adult flies were fed S. marcescens, and their survival was monitored twice a day. Whereas wild-type (wt) flies
succumbed in 6 days to this oral infection, eater mutant flies died on average 2 days earlier. eater mutant flies expressing either of two eater
rescue transgenes (UAS-eater1 or UAS-eater5) in hemocytes under the control of hml- or srp-Gal4 drivers showed wild-type survival. Rescue
flies were preincubated for 2 days at 29°C (to increase transgene expression). Experiments were repeated twice.
(B) The hemolymph of infected flies was collected and spread on agar plates containing ampicillin. The number of bacteria was rapidly
increasing in the hemolymph of eater null flies whereas it increased only at a moderate rate in the hemolymph of wild-type and rescued flies
(both drivers). CFU, colony forming units (logarithmic scale).
and binding of pathogens. Consistent with its predictedertoire of specialized phagocytic receptors and thus
might rely on scavenger-like receptors to recognize a
broad range of microbes. In this study, we have iden-
tified Eater, a predicted transmembrane protein, which
appears to be a predominant molecule involved in Dro-Eater Resembles Multiligand Scavenger Receptors
of Insects and Mammals
On the basis of our results, we suggest that Eater func-
tions as a cell surface bound pattern recognition recep-
tor in the initial steps of phagocytosis—the recognition
Cell
344structure as a type I membrane protein (Figure 2), a
functional signal sequence and functional N-glycosyla-
tion sites (Figure 3), loss of Eater expression in Dro-
sophila macrophages resulted in a strong impairment
of bacterial binding to the cell surface (Figure 1D). The
extracellular part of Eater consists mostly of EGF-like
repeats, among which the four most N-terminal repeats
show high variability in their surface loops and are pre-
ceded by a 40 amino acid domain. This region of Eater
bound bacteria, supporting the idea that Eater func-
tions as a receptor that directly interacts with microbes
and that the N-terminal 199 amino acids of Eater partic-
ipate in ligand binding. It remains to be determined
whether in Eater EGF-like repeats serve a predomi-
nantly structural function such as in scavenger recep-
tors of the LDL receptor (CD91/LRP) family (reviewed
by Herz and Strickland [2001]) or in integrins (Xiong et
al., 2001), where they help to expose the ligand binding
site, or whether they directly participate in microbial rec-
ognition.
Eater seems capable of recognizing multiple ligands
(Figures 3 and S3), a binding behavior that is reminis-
cent of scavenger receptors (see Greaves and Gordon
[2005]) and also of lipopolysaccharide binding protein
(LBP), an acute phase protein structurally unrelated to
Eater. Binding of ligands by LBP is directed toward rec-
ognition of lipids linked to carbohydrate structures and
may be explained by a propensity to bind iterative poly-
anionic groups (Weber et al., 2003). This concept is
consistent with our finding that typical scavenger re-
ceptor ligands such as modified low-density lipopro-
teins inhibit N-terminal Eater binding (Figure 3E). More-
over, preliminary results suggest that Eater is involved
in lipopolysaccharide recognition (C.K, J.H.C., N.N.,
D.F., and R.A.B.E, unpublished data). Thus, Eater may
add another structural variation to the theme of multili-
gand recognition (Krieger and Stern, 2001), and further
analysis of Eater may provide insights into the struc-
tural basis of multiligand binding in general.
Mammalian class A scavenger receptors possess
only a short intracytoplasmic tail and are thought to
contribute mainly to microbial binding, while corecep-
tors generate the signals required for particle internal-
ization (see Underhill and Ozinsky, 2002). The underly-
ing signaling pathways are poorly understood. Similar
to these receptors, Eater possesses only a short intra-
cellular tail, and it needs to be addressed whether Eater
alone is sufficient for particle recognition and internal-
ization. In any event, the study of downstream effectors
for Eater should lead to insights into evolutionarily con-
served internalization pathways of phagocytosis.
Homology searches at the amino acid level failed to
pinpoint a clear mammalian homolog for Eater. How-
ever, the extracellular domain of Eater shows resem-
blance to two scavenger receptors implicated in the re-
moval of apoptotic cells, p120 from flesh fly (Hori et al.,
2000) and CED-1 of C. elegans (Zhou et al., 2001). In
insects, massive clearance of apoptotic cells by macro-
phages occurs during tissue remodeling in embryogen-
esis and metamorphosis. In these developmental stages,
Eater expression was undetectable at the mRNA level.
Consistent with this, transcriptional silencing of eater
in S2 cells did not affect the uptake of apoptotic cells
in a microscopic assay (N.C. Franc, personal communi-
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aation). Thus, while Eater’s expression pattern argues
gainst an important role in the clearance of apoptotic
ells, definite assessment of its role in this process will
ave to await further experimentation.
ater, a New Macrophage Marker with a Role
n Antibacterial Immunity
rosophila blood cells are generated in two distinct
aves of hematopoiesis, embryonic and larval, and
oth lineages persist throughout larval and adult stages
Holz et al., 2003). We could not detect eater expression
n embryonic and pupal macrophages, while mRNA ex-
ression and functional analyses strongly suggest that
ater is expressed in larval and adult macrophages.
hese results indicate that eater expression must be
ightly regulated during development. It will be impor-
ant to confirm this at the protein level and to clarify the
ineage relationships between the macrophage subsets
hat express eater.
We failed to detect eater expression by lamellocytes
nd crystal cells, two terminally differentiated, highly
pecialized immune-defense cell types. Consistent with
ts lack of expression in lamellocytes, eater was not re-
uired for the encapsulation response to parasitic wasp
nfection (M.M. and C.K., unpublished data). Nor was
ater required for humoral immunity in the fly, in agree-
ent with the lack of eater expression in the liver equiv-
lent of the fly (fat body). However, macrophages from
ater null animals showed strongly impaired phagocy-
osis of bacteria, ex vivo and in vivo (Figures 5 and 6).
hese findings point to a specific role for Eater in the
ontrol of bacterial infection by phagocytosis.
The role of phagocytosis in Drosophila immunity is
ess well characterized than the role of the humoral an-
imicrobial peptide response (Hoffmann, 2003; Brennan
nd Anderson, 2004). This can in part be ascribed to
he lack of suitable experimental models, both in terms
f Drosophila mutants with impaired phagocyte func-
ion and in terms of appropriate infection models. eater
ull flies were immunocompromised in a gastrointesti-
al infection model. This phenotype is likely due to de-
reased phagocytosis of the gastrointestinal pathogen
. marcescens after its escape from the gut lumen and
nvasion of the body cavity (N.N., E. Pradel, J. Ewbank,
.A.H., and D.F., unpublished data). Thus, eater null flies
re a promising tool to address the role of phagocytosis
n Drosophila immunity, especially its relative contribu-
ions to the NF-κB-like pathway-mediated effector
echanisms in this and other infection models. For ex-
mple, we saw no protective role for eater after septic
njury with E. coli or after infection with the fungal path-
gen Beauveriana bassiana (data not shown), consis-
ent with our finding that eater is not required for IMD
r Toll pathway signaling (Figure S2).
However, our results indicate that Drosophila phago-
ytes are able to control the number of pathogenic bac-
eria that gain access to the hemolymph after crossing
he gut epithelium (Figure 7B). This is of great interest,
s it points to intracellular killing mechanisms in Dro-
ophila phagocytes which are devoid of neutrophil-like
ranules (Rizki and Rizki, 1984; Lanot et al., 2001). It
ppears that some basic mechanisms of phagocytosis
re conserved throughout evolution (Metchnikoff, 1908;
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345Pearson et al., 2003; Reddien and Horvitz, 2004). The
characterization of Eater as a potential microbial phago-
cytic receptor adds further credence to this idea. We
expect that dissecting the mechanisms by which Eater
mediates phagocytosis will be of general interest and
might help define the critical steps that are evolution-
arily conserved in microbial phagocytosis.
Experimental Procedures
cDNA, Drosophila Strains, Bacteria, and LDL
The eater cDNA in plasmid pOT2 was obtained from BACPAC Re-
sources Center. Flies were kept at 25°C on standard cornmeal, mo-
lasses, yeast, and agar medium. The deficiency lines Df(3R)D605
(stock #823) and Df(3R)Tl-I (stock #1911) were obtained from Bloom-
ington Stock Center and were rebalanced over embryonic (TM3 Sb
P[w+KrGFP[4]]; T. Kornberg) and larval (TM3, P{ActGFP}JMR2,
Ser1) GFP balancers. The eater cDNA was cloned into plasmid
pUAST (Brand and Perrimon, 1993) via EcoRI and XhoI, and used
to establish transgenic lines. hml-Gal4 (Goto et al., 2003), srp-Gal4
(Crozatier et al., 2004), and hsp-Gal4 drivers were used to express
the transgenes. Stocks for rescue experiments were constructed
by standard genetic crosses. Fluorescein- or Alexa-Fluor 488-
labeled S. aureus and E. coli and acetylated LDL were from Molec-
ular Probes. S. marcescens strain Db11-GFP was from J.J. Ewbank
(Kurz et al., 2003). Human LDL (Biomedical Technologies Inc.) and
oxidized LDL prepared by copper oxidation were kind gifts from
Kathryn J. Moore, Massachusetts General Hospital, Boston.
RNA Interference Analyses in S2 Cells
dsRNAs were synthesized as described earlier (Rämet et al., 2001,
2002; Pearson et al., 2003). Both sense and antisense RNAs were
synthesized simultaneously from a single PCR product using the
T7 MegaScript RNA polymerase (Ambion). For transcriptional si-
lencing by RNA interference, 10 g of dsRNA was used per 106 S2
cells (if not stated otherwise). S2 cells were incubated in the pres-
ence of dsRNA for 72 hr. Flow cytometry-based phagocytosis as-
says were performed as described (Rämet et al., 2002).
Linked In Vitro Transcription/Translation
For linked in vitro transcription/translation we used a nonradioac-
tive “Linked in vitro SP6/T7-Transcription/Translation Kit” (Roche
Molecular Biochemicals). The biotin-labeled translation products
were separated on 12% or 10% reducing, discontinuous SDS gels
and blotted onto a PVDF membrane (Immobilon-P, Millipore). Reac-
tion products were visualized by direct incubation with streptavi-
din-horseradish peroxidase (Amersham) or by Western blot using
anti-His(C-Term) antibody (Invitrogen) and anti-β-Galactosidase
antibody (Promega).
Direct Binding of Eater 1–199 His Protein to Microbes
For expression and purification of Eater 1–199 His see the Supple-
mental Experimental Procedures. For direct binding assays, Eater
1–199 His protein (30 g) was biotinylated with EZ-Link Sulfo-NHS-
LC-Biotin (Pierce). For microscopic observation, heat-killed bacte-
ria (2 × 106) were immobilized on glass coverslips treated with poly-
lysine (0.01%), incubated with biotinylated proteins in 10 mM
sodium phosphate buffer or in Robb’s Drosophila phosphate-buf-
fered saline (Robb, 1969) containing 0.5% bovine serum albumin
and biotin-labeled proteins revealed with 1g/ml streptavidin-Alexa
Fluor 488 (Molecular Probes). For flow cytometry, bacteria were
labeled in solution at the indicated concentrations. Analysis was
performed on a FACS Calibur (Becton Dickinson). Samples were
gated by forward and side scatter.
Northern Blot and In Situ Hybridization Analysis
For Northern blots, 5 g of poly(A) RNA samples (Oligotex beads,
Qiagen) were separated by denaturing gel electrophoresis, trans-
ferred to nylon membrane, then successively probed with an eater,
an rp49, and a diptericin random-primed DNA probe (Rediprime II,
Amersham). The eater cDNA probe (663 bp) was obtained by PCR
from cDNA clone SD22390 with the following primers: 5#-AACCA
TATATTCCCTGCTCCT-3# and 5#-CATCGTTGTCCTTTTCGTAGAA-3#.
For in situ hybridization, the same eater cDNA fragment was cloned
in plasmid vector pCR-BluntII-TOPO (Invitrogen). In situ hybridiza-
tion on larval and adult whole-mount tissues and on circulating he-
mocytes was carried out as described (Irving et al., 2005).
Phagocytosis Assays
Phagocytosis assays were performed as previously described (El-
rod-Erickson et al., 2000; Lanot et al., 2001; Pearson et al., 2003;
Moita et al., 2005) with some modifications (see Supplemental
Experimental Procedures). PKH-26 dye was used 100-fold diluted
in Diluent B (Red Fluorescent Phagocytic Cell Linker Kit; Sigma
PKH26-PCL). The absence of a wild-type, genomic eater gene from
Df(3R)D605/Df(3R)Tl-1 eater null and rescue flies was verified by
PCR after genomic DNA preparation from flies saved after phago-
cytosis analysis.
Induction of Antimicrobial Peptide Response
and Infection Assays
Antimicrobial peptide synthesis was analyzed by quantitative re-
verse transcriptase PCR as previously described (Gobert et al.,
2003). Infection experiments with S. marcescens strain Db11-GFP
were carried out as described (N.N., E. Pradel, J. Ewbank, J.A.H.,
and D.F., unpublished data).
Supplemental Data
Supplemental Data include seven figures, one table, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.cell.com/cgi/content/full/123/2/335/DC1/.
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